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1, INTRODUCTION

The problem of determining the effective resonance inte-
grals and the resonance cross sections of U-235 at elevated
temperatures ( ) 2000°K) arises in calculations concerning ad-
vanced reactor concepts using gaseous fissionable materials.
An assumption frequently made in the calculation of gaseous
core reactors is to neglect the broadening of the resonances,
thus neglecting entirely the Doppler coefficient of reacti-
Vity.lJ2 Although it can be expected that the temperature
coefficients are small, they cannot be neglected in more so-

phisticated kinetic calculations.

For the calculations, using the HRG-program, a revised
version of the GAMI-program,® and the CRAM—program,ll a gas-
eous core reference system was selected and a complete new
set of resonance cross sections was determined using the Ad-
ler-Nordheim method., Variations in buckling and slowing

down flux were investigated.

In order to establish the validity of the results cer-
tain checks and double checks were performed, e.g, comparison
of the measured and calculated infinite dilution integrals of
U-238 and U-235, and comparison of calculated and LASL-16

group resonance cross section,®®

Furthermore, measured critical masses from experiments
which can be assumed to be representative for gaseous core
reactors were re-evaluated using the new set of resonance

cross sections,

10 por numbered references, see p. 98.



Finally an extensive investigation has been made into
applying the new resonance data to specific gaseous core re-
actor systems, Critical masses were compared with previous
theoretical results and some phenomena with respect to fuel
compression and the presence of hydrogen within the reactor

cavity were discussed.




2. THEORY

2.1 Calculational Methods

The theory presented in this section (using the notation
of Ref. 4) is the one applied in the HRG-program which deter-
mines multi~group cross sections within the energy range

10 MeV to 0.414 eV using the B, -slowing down approximation.

The major part of this report concerns the Doppler
broadening of resonances, thus the behavior of the effective
resonance integrals under temperature changes. Since all con-
clusions concerning the resonance cross sections are drawn
from this behavior, only the theory in connection with the

effective resonance integrals shall be given.

a. The effective resonance integral (resolved region)

The effective resonance integral for absorption or
fission is defined as the absorption-or fission cross section,
integrated over lethargy and assuming the flux has its asymp-
totic value, which produces the same amount of absorptions or

fissions as actually takes place in the resonance.

Two cases are generally considered: The narrow
resonance approximation (NR) where the lethargy width of the
resonance is small compared to the lethargy increment per col-
lision for all nuclei present, and the infinite mass narrow
resonance approximation (IM) in which the slowing down due to

the absorber is entirely neglected.

In the following only the NR case is considered; the
treatment of the IM case is similar. The interference effect be-

tween resonances will be considered in Part ¢ of this section,




The absorption and fission cross section in the
resonance region is customarily split into two parts: a
slowly varying cross section and a resonance cross section,

The latter is determined by the effective resonance integrals:

. resonance 1

= — 3 I (1)

I. = effective resonance integral

An = lethargy width of the group
for which the resonance
cross section is to be de-
termined.

The resonance integral itself is divided into a
volume and a surface term. For a homogeneous mixture of
scatterer and resonance absorber the surface term is zero by
definition. Throughout this paper it will be assumed that
the surface term is negligibly small. In order to understand
the approximation involved some features of gaseous core re-
actors have to be sketched out briefly. Gaseous core reactors
which are generally considered only in connection with advanced
propulsion devices consist of a (cylindrical) cavity filled
with gaseous uranium and gaseous hydrogen surrounded by a
reflector. In general, the cavity materials uranium and hy-
drogen are separated, either hydrogen surrounds an inner gase-
ous uranium core ('"coaxial flow device'") or gaseous uranium
surrounds an inner hydrogen core ("vortex flow device").

Thus it is theoretically possible to define a "surface" of

the uranium region. However, one of the main properties of



gaseous core reactors is that the neutron mean free path within
the two gaseous substances uranium and hydrogen is large com-
pared with the cavity dimensions., This is true except for

the extreme cases in the "coaxial flow device" where the in-
ner uranium region has a radius very small compared to the
cavity radius, Therefore, for almost all cases occurring in
actual gaseous core reactor designs, the surface term of the
effective resonance integral which takes into account the

flux depression within the uranium "lump" can be neglected.

However, the homogeneity assumption not only con-
cerns the cavity but the total reactor, i.e., it is assumed that
uranium, reflector, and hydrogen atoms form a homogeneous mix-
ture, This assumption is investigated in Secs. 5.1l.2 and
5.1,3 and proved to be valid at least with respect to the

here interesting resonance fluxes,

The resonance integral for the resolved resonances

for the non-broadened case is given by:

r
R
Op[OO T du (2)
1
2

( for capture)




The interference term contains a quantity i:

(o}
r
J r Up
o N_o
Pa a Py
0) N_o + N o
b a pa s
1
1+ ="' =
P Na

Thus interference can be neglected if T_ «r,
i.e,, for a purely absorbing resonance, or a very dilute mix-
ture with N_>)> N . These two conditions are not applicable
in the case considered here. Fortunately there exists a third
condition under which the interference term can be neglected,
i.e., for extreme Doppler broadening. To explain this, the

Doppler broadened line shape has to be introduced:

1 oo Le2 _ 2
w(E,x) = (4m) 2 g [ SxRlwEi(x - ¥)F] 4 (%)
-0 1l + y2
where x=E-EB , ¢-E -E
r/2 r/2
oL
A = (4mTEl)2 (5)
M
g = % A = Doppler width of (6)
resonance
I' = total width of
resonance




B = op/co

total cross section at x = 0

Q
i

Q
i

nonresonant scattering cross section per absorber atom,

Equation (4) is obtained with an assumption which
has to be mentioned in connection with the considered high

temperatures,

Let v be the neutron velocity, and
- v_ the relative velocity between neutron and
target,
The assumption is that v + V. is approximated by 2v. This

introduces a problem for low lying resonances and very high

temperatures.
E. = m' (v - V)2 E_ = energy corresponding to V.
m' = neutron reduced mass
V = target velocity
2E
but \4 =j/—45 and v = [2E
A M m
— N
then % = ogkTm o~ (ﬁ%)z
M2E

For T = 3.5 eV(x 40,000°%) and E =5 eV, V Z 0.02 v.
Therefore in the above-mentioned approximation an error of
=1% is introduced. These errors are only significant for

low lying resonances where the Doppler effect is small. It
can be concluded that the effect of high target velocities is

quite small,




Going back to the interference effect, Dresner®
has shown that for £ < 1 and B )) &%/, the interference
term can be neglected,

For the 19.3 eV - U-235 resonance at T = 10,000%,
I' = 0.099 eV ; A = 0.54 (from Table 1)

¢ = 96%%% = 0.183 which is < 1.0 .

6 =10% ; o =200. >B=50>8>E& = 0.006
o ;o ) : .

The above conditions are fulfilled for all U-235 resonances

and for high temperatures,

In general the Doppler broadened counterpart of the
interference scattering line shape can be neglected if § <1
and x2 {({ 6/82. 1In the center of the line this is always
true and in the present case for 6/§2 very large this is
also true far out into the resonance wings., Therefore, be-
cause the wings contribute very little to the total resonance

integral, the interference effect can be neglected.

The HRG-program uses the numerical method proposed
by Adler et al® to compute the resonance integral, The ef-
fective capture resonance integral in the resolved region is

given by:

r oo r
I - oy [uEx) dx = oy J(¢,8) (NR) (7)
Ei o Il/( ﬁ,x) +B Ei

For the effective absorption resonance integral Fy is re-
placed by (PV + Ff). In the IM-approximation the following

substitutions are made:




og = moderator cross section
per absorber atom

o'*

B=22-1/T
0o Y

The function J(€,8) 1is tabulated and the program interpolates

between the tabulated values.*

b. The effective resonance inteqgral (unresolved region)

Later in the report it will be shown that the cor-~
rect determination of the unresolved part of the effective
resonance integral is unnecessary. Only the infinite dilution

integral at room temperature needs to be determined.
The infinite dilution integral for one resonance
is given by:

I = g o, —L  (for capture) (8)

Then the contribution to the total resonance integral Iunres

for a range AE around Ei is given by:

= _T . AE
AICunresoo - 2E; % Y D
OOF = averaged over
v statistical distribution

constant

* Although the £&-spacings for very small £ , i,e,, for
very high temperatures, are wide, the program determines the
interpolated values rather accurate at least for the range of
the resolved resonances. As shown later the interpolation is
not used for the inaccurate range of the unresolved resonances,

D = average level spacing (assumed t? be




Then Iunres is obtained by integrating over all energies

from some cut-off energy E, to infinity.

00

= I dE
Lcunres® = 2D é oopy E (9)
c

The same procedure can be taken for the case of
finite dilution., Here the NR approximation is exclusively
used, Starting with

= P Y 5(¢,8) (for one resonance)

1

I
Cunres

one obtains, and now taking into account the statistical dis-

tribution of neutron widths p(y)dy,:

c T o) )
Teunres = 52 J SE [ p(v)ay a(g,8) (10)
Ec o
with p(y)dy = é;y exp(-y/2) dy (11)

with y = Fn°/<Pn°>

1
I' ©° =T E. 2 the reduced neutron width and

(Fn°> the average reduced neutron width,

Some resonance data for U-235 and U-238 taken from
the GAMI-library are presented in Table 2, It can be seen
that for U-235, the nuclide of main interest, all resonances

in the resolved region, with the exception of the 10.6 eV-

-10-



resonance, are calculated according to the IM-approximation,
Although it was intended to use this approximation only for
conventional reactor systems there is no doubt that the tem-
perature range can be extended up to temperatures in the order
of eV, because their extreme Doppler broadening occurs and
this makes the IM-approximation even more applicable. Because
the problem of determining the resonance integral in the un-
resolved region will be solved by a different method there is
no need to be concerned about the NR-approximation, inherent
in the unresolved resonance calculation, at extreme tempera-

tures.

An example for the accuracy of the IM-approximation
for the 36.9 eV-resonance in U-238 is given below:
for 1:1 atomic ratio H/U-238 (at room temperature):
(with p = resonance escape probability):

resonance l-p {exact) 1-p_ (variational*) 1-p (NR) 1l-p (IM)

36.9 ev 0.05820 0.05682 0.04739  0.06110

C. Resonance interaction effect

If resonances are closgely spaced such that the flux
does not recover its asymptotic spectrum between the resonances
the flux perturbations induced by the higher (in energy) lying
resonance affect the resonance escape probability at the lower
lying resonance, R. Schermer and N. Corngold® show that a
scattering resonance causes a positive interference effect,
whereas an absorption resonance leads to a negative interference

effect, Positive and negative interference is defined by the

* Calculated by a variational approach by N. Corngold, Proc.
of the Phys. Soc., A, Vol. LXX, p. 793, 1957.

-11-




parameter p_3

_ captures due to interference _ total captures
2 non-interference captures non-interference captures

Therefore an energetically higher lying scattering
resonance gives rise to a higher amount of captures in the
lower lying capture resonance compared to calculations where
interference is neglected. The opposite result is obtained
if the higher lying resonance is of absorption type.

The calculations show that the interaction effect
depends on the level spacing (4), the energy decrement per
collision in moderator (&m) and resonance absorber (&u). For
4 » 0 the interaction effect decreases for resonance width
>€u(e.g., U-235)., Furthermore, the effect increases for heav-
ier moderatars because of the smaller ﬁm's for higher masses and

decreases for mixtures with larger moderator: absorber - atomic ratios.

However, because of the close results between mea-
sured and calculated resonance integrals, neglecting inter-
ference,* it can be assumed that the interference effects of
opposite sign cancel, and by neglecting this effect only a
small error is introduced,

2.2 Functional Dependence of Resonance Integrals On Tempera-

ture and Dilution

In this section only the effective capture resonance in-
tegral in the NR-approximation is considered. All equations

are also applicable on the absorption resonance integral,

* Later in this report this is verified for U-238 and the
figsion integral of U-235,

-12-




It is easy to verify that Eq. 7 reduces to the in-
finite dilution resonance integral for op > o,

o T 0

I = _ P J y(&,x) dx (7)

C
E; o y(&x) +B
X
1 Oy Y
==_17 dx (7a)
2 E o Y/op + 1/0,
X
then: . r o
lim I ==X/ 1lim dx
P P
T o T
~ 1
_-g—_lgof w(g,x) dx—_.—-g.o'o_l
E. —00 E.
1 1
- T
I, = 2o, —L (the infinite (12)
2 Ei dilution reso-

nance integral).

An obvious conclusion, drawn from Eq. 7a, is that
the effective resonance integral increases with increasing Ops
i.e., with increasing scattering cross section per absorber
atom or increasing dilution. It reaches its asymptotic value

in the infinite dilution integral.

The same is true for the resonance integral in the unre-

solved region (Eqg. 10) because

p(y) dy does not depend on the dilution,

N —38
IQ
==
0*“— 38

The temperature dependence of the effective resonance

integral, i.e., its dependence on the variable £, can be evalu-

ated in the following way. For the resolved region one obtains:

-13-



| T —¥Ex) )y gx (13)
¢ PE; o 08 y(gx) 48
=0 E:.y_ foo (¢+B S% Bﬁ dx
PE o (v +B)2
r %
= p ..l f BW/aga dx (l3a)
E; o (v + B)

¥(€,x) is given by Eq. 4. Then:

oy - _ £° _ ) expl-w€%(x - y)3] 4
aX W —c‘[o (x Y) 1+ y2 Y
%y _ _ & E5  x - 12 exp[-5€3%(x - ¥)?]
- i v(E,x) + o {m(x Y) e dy (14)

In addition:

oy _ 1 2" o expl-382(x - y)2]
L= ==9(fx) - == [ (xv) dy
ot a/m W o~ 1+ y®
(15)
By comparing Egs. 14 and 15 one obtains:
V.- 2% (16)

-14-




P

Introducing this into Eq. 1l3a it follows:

oI )
res _ _ EI'B _g_f 32y /dx2 dx
¢ PE  €%°0 (y+8)2

e

with A=g¢ X
By

and performing the partial integration:

aIres _ AE@% dy/dx ]w+ 2 ® 2(9y/dx) 2 dx
ot E° (y+B)3, € o (v+B)°

d
because —ﬂ

ox

it follows:

All terms on the r.h.s. are positive, thus

J1

5 <0 (18)

Because £ 1is inversely proportional to the temperature, it
follows that the effective resonance integral increases with

increasing temperature. Again, the same dependence can be

found in the effective resonance integral in the unresolved
region:

-15-




with 3(e,p) = [ ¥&x) dx

Thus:

Lunres opry ® ag 3 Y&, x)
>¢ o éc = (f)p(y) vy £ [ag (w(g,x) 5 )] X (19)

[o0]
[ p(y)dy 1is greater than zero,
Eq o

* daE
because [ =—

the same result as found in Eq. 17 - with different constants -

is obtained, i.e.,

oI
_unres (o . (20)
of

So also the unresolved resonance integral has to increase with

increasing temperature,

~16-



3. INTERMEDIATE RESULTS

3.1 U~-238 Resonance Integrals and Comparison with Experiment

In order to establish the validity of the final results
certain checking calculations were performed, one of which
was the calculation of U~238 effective resonance integral,
Although some of the results are already available in the
literature these calculations were important because they
gave the first indication that the unresolved resonance cal-

culation breaks down for extreme temperatures,

The calculations, using the HRG-program (unrevised for
higher temperatures), are summarized in Table 3. 1In Fig. 1
the effective resonance integrals for T = 300°K are plotted
against c; together with Dresner's calculations?* and meas-
ured values, Figure 1 shows that the resonance integral first
increases exponentially but has an inflection point around
% =5 X 10° and goes for higher o¥ to its asymptotic value.
The agreement with experiment and Dresner's results at low
0; is good but diverges from Dresner's results at o; around
10°., This is due to the fact that Dresner's resonance calcu-
lation was done in the NR-approximation, whereas the HRG-pro-
gram computes 6 of the lower lying resonances (6.68; 21.0;
36.8; 66.3; 102.8 eV) in the IM-approximation which leads to
a higher resonance integral (see Ref, 5, Table 3).

Another check can be done on the value of the infinite
dilution integral of U-238, A standard value is 280 4 barns.?
Because the HRG-program computes resonance integrals of U-238
only between 6.5 eV and 2.61 KeV the fast and thermal absorp-

tion cross sections have to be added to the computed value:

-17-
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—_—

energy range oy Au Ieff

thermal + 6.5 eV 0.63 5.56 3.5
6.5 eV + 2.61 Kev 275.01
2.6l KeV + 10 Mev 0.46 8.00 3.68

3,3 282.19 barns

*# Cross sections averaged
from HRG-library data

Because the slowly varying cross section adds only a
negligible amount to this value the agreement between the

measured and the computed value is very good.

The important behavior in the calculated U-238 resonance
integrals is the decrease of the unresolved resonance contri-
bution with increasing temperature, This decrease becomes
larger for increasing cg . However, Eq. 20 shows that just
the opposite behavior must be expected. This indicates a
breakdown of the unresolved resonance calculation at higher

temperatures,

The reason for this effect is inherent in the calcula-
tional method because in the HRG-program the second integral
of Eq. 10 is approximated by Simpson's rule, In order to cure
this deficiency the number of pivotal points was increased by
a factor of 100. Although the results improved considerably
for U-238 (e.g., T = 10,000°K; o% = 10° > RR + URR = 273.98;
(RR + URR) = 275.00) this still was not enough for

improved

the broad unresolved resonance region of U-235. (e.q., lO.OOOOK;

— 8, — . = i
o¥ = 10%; I, = 179.26; (If)im roved 180.48) Even higher
order divisions would not cure (within reasonable limits of

computer time) the error due to the numerical integration.

-19-




This was the reason for employing a different method
for computing the unresolved resonance contribution. No attempt
was made to recalculate the resonance integrals of U-238 at

higher temperatures.

3.2 U-235 Resonance Integrals by HRG-Program

Although, as indicated in the previous section, the cal-
culation of the effective resonance integrals of U-235 in the
unresolved region and at higher temperatures is erroneous,
they shall be listed in Table 4B in order to show the relative
increase of the error with the increasing width of the unre-
solved region (20 eV to 3 KeV in U-235 compared to 1 KeV to
2.5 KeV in U-238).

The values of the resolved contribution to the resonance
integral are given in Table 4A, They show the required in-
crease with increasing temperature (see Eq. 18), Effective
resonance integrals for T = 300°K as calculated by the HRG-
program are plotted against c; in Fig. 2.

Because of the lack of measurements of the effective
U-235 resonance integral for finite dilution no comparison
with experiments can be made, however, it is possible to com-
pare the effective fission integral for infinite dilution
with the calculated value. As shown later in Sec. 3.4 the

agreement with experiment is excellent,

3.3 Revision of HRG-Program

In the two preceding sections it was shown that the cal-
culation of the unresolved resonance integrals for higher

temperatures is erroneous.

In order to understand the approximation used, the rele-

vant points leading to this approximation will be summarized:

-20~-




1. Both with increasing temperature and with in-
creasing dilution the effective resonance integral tends to
an asymptotic value, This asymptotic value is for both cases
the infinite dilution integral because the latter is tempera-

ture independent,

2. For high temperatures and energies ) 20 eV the
Doppler width tends to be in the order of the average level
spacing (see Tables 1 and 2), where the Doppler width is the
width at which the cross section has approximately a value

one-half of that at the resonance peak,

Thus in the considered range of energies and
temperatures the broadening of the resonances is essentially
an "averaging process" for the resonance cross sections over

the entire energy range.,

The following conclusion can be drawn from the second
point: For temperatures larger than approximately 2000°K the

unresolved resonance integral is temperature independent.

The problem now is to calculate this temperature inde-
pendent part of the total resonance integral by means other
than the finite difference approximation of the unresolved

resonance formula (10).

This can be accomplished according to the above mentioned
first point by replacing the temperature independent unresolved
part for this energy range by the infinite dilution integral

which is also temperature independent.

Obviously a further requirement is that the dilutions
for the cases considered (i.e., for gaseous core reactors) are
large enough, i,e., already within the asymptotic resonance in-
tegral range. Fortunately this is the case because for gaseous
reactors o% lies in the order of 10%*, i.e., within the asymp-

totic range (see Fig. 2).

-21~




Thus the resonance integrals for higher temperatures
and for oX* in the neighborhood of 10* are calculated by ad-
ding the constant value for the infinite dilution integral to

the contributions of the resolved resonances.
The following revisions of the HRG-program are made:

1, Because the calculation of the unresolved reso-
nance integral for T = 300°K can be considered as correct
(see following comparison with experiments) this "virtual"
temperature was built into the program for the unresolved

resonance calculations for temperatures larger than 2000°K,

2. To obtain the infinite dilution integral, the
input parameter Gm(eff) (= effective cross section for unre-
solved resonance calculation) is given as 10®, Figure 2 shows
that this value is large enough to give the infinite dilution

integral,

3. The capture and absorption cross sections in
the unresolved region were taken from Ref. 9 (of) and Ref, 10
(On,y) and built into the program, This leads to a correction
factor of + 1.06295 for the absorption integral and + 1.03029
for the fission integral. These cross sections are listed in
Table 5.

3.4 Resonance Integrals for U-235 by Revised HRG-Program

and Comparison with Experimental Results

The effective resonance integrals calculated by the re-
vised HRG-program are listed in Tables 6A and 6B. The unre-
solved resonance integrals for T = 300°K and ot = 108,

T = 10.000°K, and T = 40.000°K show all the same value which
are the infinite dilution integrals for this region, Table
6B, which contains the sum of both the resolved and the unre-

solved contribution of the effective resonance integral, shows

the required increase with increasing dilution and temperature,
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It is possible to compare the effective fission integral
for infinite dilution with experiments. As reported in Ref.
8, the measured integral is 271 barns from the 0.49 eV - cad-
mium cut-off, It can be assumed that this value is valid for
the whole energy range because the contributions from a nega-
tive resonance and the resonance at 0.29 eV are canceled ap-
proximately by the cross section deficit between 0.29 eV and
the cadmium cut-off where the cross section decreases faster
than 1/v.

The calculated infinite dilution integral for fission
between 1.125 eV and 3.36 KeV is 200.33 barns (see Table 6B
for T = 300°K). The following contributions must be added
(the cross sections are obtained from Ref. 9 and HRG-program
library data):

Au I

min max £ £
3.36 KeVv 10 Mev 2.15 8.0 17.2
1.125 ev 3.36 Kev 200.33
0.876 1.125 72.0 0.25 18.0
0.683 0.876 55.2  0.25 13.8
0.532  0.683 65.1 0.25 16.3
0.490 0.532 74.0 0.082 6.1

total: 271.73

This value compares favorably with the measured one.
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calculated#*

source measured* I II rev., HRG-program
Ifef(fbarns) 271, 260. 255. 271.7

# From Ref, 8: I
IT

estimated from average level parameters
for 1/v cross section
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4, U-235 RESONANCE CROSS SECTION CALCULATION

4.1 Selection of Gaseous Core Reference System

In order to reduce the set of parameters affecting the
final resonance cross sections by two, a gaseous core reference
system is defined., The system is selected by the criterion
that it shall be representative and typical with respect to
the two parameters for all gaseous core reactor designs pos-
sible. The two parameters are dilution and geometric buckling,
the first being a measure for the amount of scattering material
present and the second being a quantity related to the size
of the reactor,

1. dilution, i.,e., scattering cross per absorber
atom o;. For all gaseous core reactor systems this value
lies in the order of 10* and higher. From Fig., 2 it can be
concluded that the cross sections in this range have reached
an asymptotic value, i.e., they are only slightly changing

for increasing 0;.
Two values of cg were selected:
* 4
0% 10

o¥ = 0.5 X 10% .

The second value was chosen to cover the range of experimental
results, where highly enriched uranium in the form of thin

foils was used to approximate a gaseous uranium filling (see

Sec. 5.3).
2. Dbuckling, i.e., the size of the gaseous core

reference system., This quantity had to be chosen in a more
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arbitrary fashion, although an upper and lower limit on the
buckling can be established,

An upper limit on the geometric buckling, i.e.,
a lower limit on the dimensions, is given by the calculational
method used in the HRG-program, For smaller reactors (i.e.,
radii in the order of cm) the B, -approximation is not suffi-
cient to treat the energy-angle dependence of the neutron

flux and higher order Bn— or Sn-methods are necessary.

} An upper limit on the reactor dimension can be
set by practical considerations. Because this reactor concept
is considered primarily for use in propulsion devices, a natu-
ral upper limit is given by its weight, In general, radii in

excess of 2 meters are very unlikely for practical purposes.

The chosen value for the buckling, B = 0.0225,*
corresponds to an optimum value reported in previous calcula-
tions (see Ref, 1 and Ref. 2). However, in order to visualize
the influence of the buckling on slowing down flux and cross
sections, some calculations were performed for two other values
of B (see Sec. 4.3).

4.2 Final Cross Section Calculations and Comparison with
LASL-6- and 16-Group Cross Sections

The calculated effective resonance cross sections for
a temperature range 300 - 40.000°K and the two chosen values
for 0; are listed in Table 7. The cross sections were aver-
aged over the slowing down flux corresponding to the "reference
buckling" B = 0.0225, The scattering matrices are not given
because they correspond exactly to the values of the LASL-16

* For example, critical sphere with cavity radius = 80 cm;
reflector thickness = 100 cm; cavity with n_ =~ 13 x 10 at/cm®;
n. 1,3 X 10t° at/cma; reflector = graphité€; overall tempera-

tgre = 300°K.
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group and showed a negligible change (4th significant figure)
with temperature and the considered dilutions,*

Some trends shall be pointed out. The maximum change
for a particular cross section occurs between 300°K and 2320°K,
corresponding to the steep increase of the resonance integrals
in this temperature range, For higher temperatures the dif-

ference becomes smaller.

Within the group structure, groups 10 and 11 (upper re-
solved resonances) show the largest differences for increasing
temperature or dilution indicating the strong influence of

the Doppler effect on this range.

The two sets with which the calculated cross sections
shall be compared are the LASL-6 group set and the LASL-16
group set, the first being a fast detector cross section set
and the second being a set which was prepared for calculations
of homogeneous epithermal systems. These are compared with
cross sections determined for a system which is almost to
100 per cent thermal®,'2,12,16,18,¥% Therefore not too much
physical insight can be expected from the comparison, i.e.,
the question reduces more or less to an "order-of-magnitude"
analysis. Nevertheless, I should like to point out that a
"disguised" integral comparison is made in Sec. 5.3 where

measured critical masses are compared with calculated ones.

* For example, for group 9(30 + 100 eV) and . oX = 10%

HRG
o} LASL T = 300°K T = 40,000°K

0.05  0.0%9(899) 0.049(868)

Of > i + 1

*%* That a gaseous core reactor is almost completely thermal
can also be concluded from the extremely high cg
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The comparison is restricted to capture and fission
cross sections, For the LASL-6 group set also the transport

cross section shall be compared.

Table 8A gives the values for 6 energy groups. The
LASL-6 group cross sections for energy group 6 (O.414 ev + 0.1 MeV)

were obtained by weighting the relevant LASL-16 group cross
sections over an 1/E - spectrum; according to:
0.1 Mev
o dE/E

— _ 0.414 ev
= 70.1 Mev (21)
dE/E

0.414 ev

In the upper five energy groups the calculated cross sections”
are larger than the LASL-6 group values. This is due to the
fact that the LASL-6 group cross sections are weighted over

a fission spectrum, whereas the HRG-values are weighted over

the slowing down flux in this energy range.

For group 6 the situation is reversed. Here the LASL-
values are larger. This must be due to the artificial weight-
ing corresponding to Eq. 21 which introduces, at least for
energies near thermal, weighting errors. Still there are no
alarming large differences, considering the fact that the

compared systems are quite different.

Table 8B compares the values for the 16-group Cross

section set. It indicates a certain cross section shift for

the calculated values, The values for energy groups 8, 9,
10, 12 are smaller than the corresponding LASL-cross section,

whereas groups 11 and 13 show higher values, A possible ex-

* By HRG-program for T = 300°K; gaseous core 'reference
system."
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planation for this behavior is the calculational method in-
herent in the HRG-program, There are indications which are,
unfortunately, very tedious to check, that the HRG-group
structure (Au = 0,25 throughout) compresses closely spaced
resonances into one particular group although a main part of
one of the resonances affects the groups lower or higher in
energy. Thus, some groups have a higher "importance" than
others., Although there are considerable differences between
the LASL - and HRG-values, there exists strong evidence® that
they are comparable if applied to specific reactor systems.,
This evidence is given by the comparative analysis per formed
in Sec. 5.3 where measured critical masses are compared with
critical masses calculated by the LASL-16 group and varied
LASL-16 group (resonance cross sections changed). The calcu-
lated masses differ by 10 - 20 per cent, where the HRG-values
lie closer to the measured critical masses than the LASL-

values,

4.3 Effect of Buckling and Dilution on Slowing Down Flux

In this section the well-known effects of buckling and
dilution (being in this connection a measure of the scatterer-—
to-absorber-atomic ratio) on the slowing down flux and thus
on the resonance cross sections which are averaged over this
flux are investigated. The buckling determines together with
slowing down length and age the thermal and fast leakage from
the system whereas the dilution affects the probability of
fission neutrons to be slowed down to thermal energy. A

higher dilution results in a higher slowing down probability>

* Another evidence, not so convincing, is given by the fact
that the average cross sections over the resonance region are
not too different (see preceding comparison with LASL-6 group).
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whereas small dilutions result in flux distributions which

are peaked at higher energies,

1, dilution: Figure 3 shows two slowing down fluxes
(per unit lethargy) for two dilutions differing by a factor
of 100, The value for o; = 110,75 corresponds to a graphite-
uranium system with C/U = 21, The usual (see Ref., 3) steep
decrease with increasing lethargy in the epithermal region
can be observed., Table § gives the resonance cross sections
averaged over this spectrum., As can be expected they differ
extremely from LASL-16 group values. The "gaseous core refer-
ence system" o¥ = 10* shows an extremely different flux be-
havior, The epithermal flux behaves nearly as 1/E in the
epithermal region, which essentially provides the background

for the cross section comparison in the preceding section,

2. buckling: Figure 4 shows the slowing down flux
for the gaseous core reference system at T = 40.000°K and
the buckling as parameter. The range of the selected buck-
ling values is the range mentioned in Sec. 4.1, The three
bucklings B = 0.01; 0.02245; 0.045; correspond (for a spheri-
cal gaseous core reactor system) to radii of approximately
r =2

c
vant range. Because all three curves are normalized to the

2m; 80 cm; 30 cm;* thus covering the abovementioned rele-

same factor only a relative comparison is possible., The lar-
gest sphere has the highest thermal flux and the smallest
fast leakage, whereas the sphere with approximately 30 cm
core radius has a higher fast leakage than the two spheres
with larger core radii, The largest relative difference from

the "average" buckling B = 0.02245 is approximately 15 per

*¥ For a graphite reflector of lm thickness,
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cent (u > 17.0), but the effect on the resonance cross section
weighted by these spectra is much smaller (% .4% for Gn,y)'
Table 9 compares the weighted cross sections corresponding

to these spectra together with cross sections weighted over

a 1/E-spectrum,

For the whole resonance range the relative d4if-
ferences from B = 0.02245 never exceed an error of + 4 per
cent, Thus the error introduced by varying the buckling lies
in the range of errors inherent in the measurements of the
basic cross sections., Even cross sections averaged over an
1/E spectrum differ at the most by approximately 1 per cent
thus verifying the statement previously made that the slowing
down flux in the epithermal region in a gaseous core reactor
can be considered® as rather close to the asymptotic spectrum,
It can be concluded that differences in the resonance cross
sections resulting from a buckling variation within the above-

mentioned limits can be neglected.

4.4 Estimate of Doppler Coefficient of Reactivity

In the following section (5) three main parameters shall
be investigated, two of which have already been mentioned, i.e.,
the investigation of the homogenization assumption used in
the calculation of the effective resonance integrals and sec-
ondly the comparison with measured and previously calculated
critical masses. A third, rather stringent condition concerns
the Doppler coefficient of reactivity. It is possible to
evaluate the Doppler coefficient using the calculated resonance
integrals., The resonance escape probability for a homogene-

ous mixture of scatterer and absorber is given by:

Ec 2
a dE'
P = exp[— .L_ ]

1
g 5 1+ za/zS E

(22)

*  With respect to the weighting of resonance cross sections,
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With the previously defined effective resonance integral one

obtains: N
u
p=exp(- —I_..)
eff
€og
or _ Ieff
B %
p=-e £0g (for mixtures)
where € is defined by:
Z€o0 . c *
E - i 181 i "i si
S o_. S oo *
L si i st
Then: E-QE-= - dIeff
B ar gor ~ar

The Doppler coefficient of reactivity is defined by:

dk =1
dT Doppler P

It follows from Egs. 23, 24 and 25 that:

dk _ Al gg

*
at Doppler % gicsi daT

H

(22a)

(26)

The stringent conditions imposed upon the calculations

for a realistic reactor system shall be that the Doppler co-

efficients calculated for the idealized "gaseous core reference

system" by the HRG-program must be the same (or at least lie

in reasonable limits) as those determined for a realistic
gaseous core reactor system using the calculated resonance

5.2,

cross sections, This statement will be examined in Sec.
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Selected "gaseous core reference system'

ng = 1.3 X 10*® atoms/cm®
n; = 1.3 x 10*® atoms/cm®
n. = 8.38 x 10%% atoms/cm®

This corresponds to og % 10°. This system can be assumed

to be representative for all the major gaseous core reactor
systems because the reactivity-change varies only slightly
with ¢%¥ in the range from 0.5 x 10* to 10°, The following

effective resonance integrals and Ak [Ak = dk « AT)
aT
Doppler
were determined using the o* = 10%* - set of resonance cross
s

sections (see Table 7).

Temp, [ °K] 300 2320 5800 10.000 40,000

Iabs[b] 316.65 327.76 328.23 328.44 328.39

Ifiss[b] 195,58 199.42 199.67 199.79 199.82

Ak -0.00104 -0.00006*

* Only one value was determined between T = 2320°K and

T = 40.000°K because of the flat, almost linear, change

in the effective resonance integral,

The extremely small reactivity change due to Doppler broaden-
ing between T = 2320°K and 40.000°K is negligible even for
very refined reactor calculations. However, the reactivity

change up to T = 2320°K has to be taken into account,
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5. APPLICATION TO SPECIFIC GASEQUS CORE REACTOR SYSTEMS

The critical masses quoted in this section were determined

using the CRAM-program'?

, a multigroup diffusion program, Six-
teen energy groups, with group boundaries corresponding to the
LASL-cross section set, were taken to represent the slowing

down flux. In order to introduce the calculated resonance Cross
sections the corresponding LASL-cross sections in the CRAM-pro-
gram library were changed in the input data. In the following
tables the corrected LASL-cross sections, i.e. corrected in the
resonance region, are designated "HRG", referring to the program

which was used to compute these cross sections,.

Two preliminary computations were performed in order to
determine the cavity radius corresponding to the minimum criti-
cal mass and secondly to check space-differencing errors intro-

duced by the finite spatial mesh width,.

The following results were obtained for the cavity radius

calculation:*

Data: 1. cavity is homogeneously filled with gaseous uranium
and hydrogen having approximately equal atomic den-—
sities.

2. graphite reflector with thickness = 100 cm and atomic
density = 8.38 x 1022 at/cm®.

3. HRG-resonance cross sections (T = 300°k).

* All critical data, except those for the recalculation of

the cylindrical experiments, were obtained for spherical systems.




mesh width

cavity radius in cavity "y My "H/n_ Ter
[em] [cm] [at/cm®] [at/cm® ] Y [xg]
Lo 0.5 1.52 X 102° 4,545 x 102° 0.335 U47.5
60 0.75 2.845 x 10*® 4.62 x 10'® 0.616 16.3
80 1.25 1.703 x 10*® 1.137 x 10'® 1.5 9.51
100 1.25 1.297 X 10*® 6.46 x 10'® 2,01 10.55
150 1.875 4.81 x 10*® 2.63 x 10%*® 1.9 14,92

Figure 5 gives a plot of m,,. versus the cavity radius indicating
a minimum critical mass for a cavity radius of 80 cm. This

radius was selected for all the following computations.

The checking calculations with respect to the space-differ-

encing-error gave the following results (See Fig. 6):

data: 1. reflector thickness: 100 cm
graphite atomic density: n_= 8.38 x 1022 at/cm®
3. hydrogen atomic density within homogeneously filled
cavity: n, = 1.0 x 10*® at/cm®
4, 1ASL-16 group cross sections

mesh widthien) A e L75 125 1
m,  [kg] 18.15 9.9 8.3 9.24 9.39 9.3

All the following results were determined using the asymptotic
spacing of approximately 1.25 cm, For not comparable calcu-
lations, e.g., for cylinders or "experimental'spheres, this
rather time consuming check with respect to mesh width was

repeated.
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5.1 check of HomogeniZation Assumption and Comparison With

Previous Theoretical Results

5.1.1 Comparison With Calculated Critical Masses

At least two main parameters, i.e., the presence of hydro-
gen in the cavity and the reflector atomic density, enter the
calculation of the critical mass. Therefore, the data pre-
sented in this section are divided into two parts. Further-
more, it shall be noted that the critical masses are calcu-
lated for a homogeneous filling of the cavity. Heterogeneous

effects are discussed in Sec. 5.4,

a. Cavity without hydrogen

Data: ravs 80 cm: Tiotal™ 180 cm

reflector = graphite
fuel-and reflector temperature = 300°k

TABLE A
Resonance Reflector dens. U-235 dens. Moy
Case Ref. Method x-sections lat/cm®] lat/em® ] [kg]
Al Safonov'® age * 3.34 x 10*® 28
A2 Mills'® SNG IASL * 1.242 x 10*%° 10.4
A3  Holll Diffusion LASL * 1.67 x 101° 14
Al author Diffusion LASL 8.38 x 1022 1.101 x 10%° 9.21
(CRAM) .
A5  author Diffusion LASL 7.54 x 1022 1.757 X 10*° 14,7
(CRAM) .
a6  author Diffusion HRG 8.38 x 1022 1.1293x 101® 9.45
(CRAM)
A7  author Diffusion HRG 7.54 x 1022 1.811 x 1071° 15.15
(CRAM)

*¥  Not known,
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Unfortunately a direct comparison of previous results
with the cases Al to A7 is not possible because of the differ-
ent methods employed, the unknown graphite density in the pre-
vious calculations, and the different mesh widths used, The
determined critical masses flactuate, depending on the above
parameters, between 10 and 17 kg. One conclusion, however,
is possible, i.e., age theory overestimates the required critical

mass considerably.

Because of the above reasons the discussion shall be re-
stricted to cases A4 to A6, A first conclusion is that the
calculations using the revised resonance cross sections give
a higher critical mass (2 + 4 per cent depending on the specific
case) than the "pure" LASL-cross sections. This fact will be
of importance for the recalculation of measured critical masses

presented in Sec. 5.3.

Secondly a decrease in graphite density increases the
critical mass, e.g.,a decrease of the graphite density by 10
Per cent increases the critical mass by ~ 70 per cent., Thus
reflector temperature effects will be of great importance in
gaseous core reactors, This temperature problem involving
the calculation of thermal cross sections is the subject of a

later report.

b. Cavity with hydrogen

Data: same data as in table A;
graphite atomic density n, = 8.38 x 1022 at/cm®

Figure 7 shows a plot of m,. versus the hydrogen-to-
uranium-atomic ratio within the cavity. The presence of hydro-
gen (for nH/nU> 2 ) is seen to decrease the critical mass con-
siderably due to the increasing slowing down power of the cavity.
This behavior, however, is merely of theoretical interest be-

cause in the actual considered gaseous core reactor devices
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TABLE B

n n n m
case | sect. [at/lcjms] [at/Ic{mS] B/% |cavity (kg ]
Bl HRG 1.150 x 10'® 3.456 x10'® 0.301 9.62
B2 HRG 1.137 x10*® 1.703 x10'® 1.50 9.51
B3 HRG 1.124 x 10*® 2.302 x10*® 2,05 9.40
BY4 HRG 1.030 x10'® 1,030 x 10%° 10. 8.62
B5 HRG 8.570 x10%'® 3.059 x 102%° 35.7 7.17
B6 HRG 7.898 x10'® 4,230 x10%° 53.6 6.61
B7 HRG 7.504 x10'® 5.086 x 10%°  67.8 6.28
B8 HRG 7.441  x0'® 5,237 x10%°  70.4 6.23
B1* LASL 1.1224 x10'® 3.558 x10%*® 0.32 9.39
B2* LASL 1.1114 x10%® 1.7478x 10*° 1.57 9.30

ﬁranium and hydrogen are separated and the influence of hydrogen
is modified, although still of extreme importance, depending on
the actual type of gaseous core reactor considered. Some remarks
in this respect are made in Sec. 5.4, but a complete evaluation

of this problem is left to a later report.

A rather intriguing behavior is encountered for very low
nH/hU— ratios. There the required critical mass is seen to be
larger than the asymptotic value, i.e., for a cavity without any
hydrogen present. It drops below this value for nH/nU - ratios
greater than 2., Some checking calculations (not given in Table B)
showed that a further decrease of nH/nU below 0,30 (see case Bl)
resulted in critical masses going asymptotically toward the criti-

cal mass for the cavity without hydrogen.




A possible explanation for this behavior is that for very
low nH/hU— ratios neutrons within the cavity having energies
above thermal are not affected by the presence of hydrogen
whereas thermal neutrons entering the cavity from the reflector
can be scattered back into the reflector. This might be an
explanation for the lower thermal flux within the cavity of
case Bl as compared to the thermal flux of case A6, both shown
in Fig. 8. 1If the n./n,- ratio increases the scattering proba-
bility for high energy neutrons within the cavity increases
also. This results in higher thermal flux within the cavity

and the fuel is better utilized.

The two starred cases at the end of Table B are calculated
using the "pure" LASL-16 group set. Compared with the unstarred
cases Bl and B2 the results again show higher critical masses

for cases calculated with the HRG-resonance cross sections,

5.1.2 Homogenization Assumption (Spatial Dependence)

In Sec, 2.1.a,I made the assumption that the surface term
of the effective resonance integral can be neglected due to
the large neutron mean free path in the cavity. The resonance
integral was determined for a homogeneous mixture of scatterer
and absorber. In order to clarify the pattern of the following
discussion the two successive steps in calculating the resonance
cross sections shall be repeated:

1. First the effective absorbtion and fission resonanance
integrals were determined. Here it was assumed that
the mixture (consisting of uranium, hydrogen and
graphite atoms) is homogeneous. This question concern-
ing the spatial dependence of the slowing down flux
shall be examined in this section.

2. To obtain the resonance cross sections, the resonance
integrals of a particular group were weighted over

the slowing down flux corresponding to the idealized

-
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(i.e. homogeneous) "gaseous core reference system"
with an averaged value for the buckling. This energy
dependence of the slowing down flux shall be investi-
gated in Sec. 5.1.3.

The discussion of the spatial dependence can be restricted

to the following ranges: (a) only the resonance fluxes and

(b) their behavior in the central cavity are of interest,

In order to verify the assumption in Sec. 2.l1l.a, it has
to be shown that the mean free path of neutrons within the
cavity is very large or, expressed in another way, that the
absorbtion probability for neutrons with energies between lev
and 3Kev (= resonance region) is very low. Thus I want to
investigate what can be called the "cavity self shielding",

Table 10 lists the resonance fluxes as function of cavity
radius for case A6, i.e.,for a cavity of 80 cm radius filled

with gaseous uranium and reflected by 100 cm graphite,.

The flux values (arbitrary units) show that the flux
depression within the cavity can be entirely neglected because
the differences occur in the fourth or fifth significant figure.
This essentially means that neutrons traverse the cavity with-

out "feeling" the presence of uranium.

It was shown in Table B that the presence of hydrogen
within the cavity had an extreme influence on the required
critical mass., Of interest here is the influence of hydrogen
on the shape of the cavity resonance flux. The following table

compares three cases:

resonance group 8 Fhe resonance group 12

case nH/nU r=0.625cm r=79.375cm r=0.625cm r=79.375 cm
a6 0. 82538. 82542, 37644, 37701,
B2 1.5 82505. 82511. 37811, 37875.
B8  70. 65341. 65311. 35684 . 35664,
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The table shows that the absolute magnitude of the reso-
nance fluxes decreases with increasing hydrogen content; how-
ever, the spatial variations of the fluxes over the cavity

are insignificant,

The above results show that the behavior of the slowing
down flux in the resonance region with respect to its spatial
dependence verifies the first part of the homogenization as-
sumption which stated that spatial resonance flux variations

can be neglected.

At this point a sidestep shall be taken in order to show
the influence of hydrogen on the thermal flux across the spheri-
cal reactor. Figure 8 gives a plot of the calculated thermal
flux versus the reactor radius for cases A6, Bl, and B6. Obvi-
ously the presence of hydrogen influences the thermal flux
within the cavity considerably. The shape is not changed but
the absolute magnitude is increased with increasing hydrogen
content, i.e.,for higher nH/nU—ratios the cavity acts as an
added slowing down region. The decrease in thermal flux for
very low nH/nU—ratios (case Bl) was already mentioned in the

discussion of table B and Fig. 7.

5.1.3. Energy Dependence of Slowing Down Flux

The second part of the homogenization assumption, i.e. the
question in connection with the cross section weighting spectrum,
does not show the same excellent agreement with the actual re-

actor case as does the first part.

Figure 9 shows two slowing down fluxes as function of
lethargy. The first corresponds to the "gaseous core refer-
ence system" as calculated for a homogeneous mixture of scatterer
and absorber by the HRG-program., The second curve shows the

approximated (16 groups) slowing down flux calculated by the
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CRAM-program for cases A6 and B2*, The second curve deviates con-
siderably from the first. It shows a higher fast flux and a
smaller thermal flux indicating a higher thermal leakage for the
actual cases A6 and B2.

A first estimate of the effect of the deviation on the
resonance cross sections can be made by consulting Fig. 4 and
Table 9. If one extrapolates the curves in Fig. 4 to a buckling
of approximately B = 0.09 then the shape of the slowing down
flux in Fig. 4 would correspond approximately to the shape of
the slowing down flux for cases A6 and B2 in Fig. 9.

In Sec. 4.3,I examined the effect of the buckling on the
resonance cross sections which is summarized in Table 9. Now
extrapolating the bucklings in Table 9 to B = 0.09 this would
give a variation in cross section of approximately 1 per cent

at most in comparison with a buckling B = 0.02245,

Therefore it can be concluded that, despite the relatively
large differences in the slowing down fluxes, the effect of
using the idealized slowing down flux as weighting spectrum

instead of the actual one can be neglected.

Thus both the first part of the homogenization assumption
concerning the spatial dependence and the second part concerning

the energy dependence of the slowing down flux are verified.

5.2. Doppler Temperature Coefficient of Reactivity.

In Sec. 4.4 the Doppler coefficient of reactivity was
determined using the resonance integrals calculated for a typi-
cal gaseous core reference system which corresponds approxi-
mately, with respect to the atomic densities, to the actual

reactor system B2 of Sec., 5.1.1.

* The relative difference between the two cases in a particular
group is rather small (see previous section).




In this section the Doppler coefficient as determined in
4.4 and the Doppler coefficient for the actual reactor system
B2 shall be compared. Because the latter was calculated using
the CRAM program which in turn computes only the total reactivity
coefficient and not specifically the Doppler coefficient, a

process of elimination has to be used,

A basis for the following is that in the determination of
the reactivity coefficient using the CRAM program only the re-
sonance cross sections were changed (i.e.,corresponding to
temperatures of 300°k, 2320°k, and 40.000°k). Fast and thermal

cross sections remained unchanged.

For a simplified system (bare homogeneous reactors with
€ = 1) the temperature coefficient of reactivity splits up
into the following parts:

a. Temperature vaiation of 1 = v/1 + o (o = capture

to fission ratio). Because of the low-lying fission and capture

resonance in U-235 17 depends mainly on the neutron temperature
which corresponds approximately to the moderator temperature.
This temperature in turn, because of the large mean free path
within the cavity, is equal to the reflector temperature which
was assumed to be 300°k. Because the thermal cross sections

in the calculations were left unchanged this suggests that the

variation of the n with fuel temperature can be neglected.

b. Temperature variation of the thermal utilization f.

Here the same arguments as in the previous point are valid,
thus 1/f df/dT can be neglected.

c. Temperature variation of 7T. Because the various

moments of the slowing-down kernel involve only the scattering

properties of the moderator this variation can be neglected.
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d. Temperature variation of LZ. 1In a homogeneous re-

actor L? is inversly proportional to the absorption and trans-
port cross sections. According to Ref. 7 (p.488) this again
depends on the properties of the moderator, i.e., its volume
expansion coefficient and its temperature.

e, Temperature variation of the resonance escape proba-

bility p. This process of elimination shows that the CRAM
program determines essentially the Doppler coefficient if only
the resonance cross sections are varied because the variation

of all the other factors (a to d) have no effect on the variation
of the total reactivity coefficient.

A few remarks have to be made in connection with the above-
mentioned points. Obviously the system investigated is not
realistic. If the fuel temperature is changed from 300°k to
say 40.000°k the surrounding reflector is heated up too, mainly
by thermal radiation and fission fragments. Thus assuming a
constant reflector temperature of 300°K makes the system quite
unrealistic. The primary objective, however, is not the de-
termination of actual temperature coefficients, but to prove
that the reactivity changes calculated from the resonance in-
tegrals for the "idealized" homogeneous system correspond to
the changes calculated for an actual system in which the fuel

temperature is correspondingly varied.

A last remark concerns the thermal properties of the reactor.
Points a to e are only valid for thermal reactors. Fortunately,
a gaseous core reactor with its unconventional cavity properties
is also a thermal reactor. This is due to the fact that for neutrons
with energies higher than thermal the cavity is transparent.
i.e.,essentially no captures or fissions will occur in the cavity

until the neutrons reach thermal energy.
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The follwoing reactivity changes were calculated:

AT[°K] 300 - 2320 2320 - 40.000

for gaseous core
reference system
(see 4.4) -0.00104 -0.00006

!
k 1.000064 | 0.999504 0.999504% | 0.99944k4
for reactor system !
B2 (see 5.1.1)
Ak -0.00056 -0.00006

The agreement at least in the higher temperature region
is excellent. For the lower temperature region the agreement
is not as good but still can be considered as reasonable because
of the required high accuracy in the computation of these values,

(The accuracy was increased up to the sixth sigificant figure.)

This again proves the assumption that a single gaseous
core reference system can be used for the determination of the

resonance cross sections instead of the actual ones.

5.3 Comparison With Measured Critical Masses

5.3.1 For Spherical Systems

The first set of experimental data against which the cal-
culated cross sections are checked were performed by D. V. P,
Williams at ORNL (see Ref. 12) on Beryllium-reflected spherical
reactors. The experiments used 10 mil Oy-foils and Be-blocks
in a supporting Al-lattice. The relevant data are summarized
in Table 11,

The following table compares the critical masses which are

a. Measured

b. Computed by C. B. Mills'2 using the ILASL-16 group cross
sections and the SNG-program!®

c. Computed by author using
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a. the LASL-16 group cross section
B. the revised LASL-16 group cross sections
(designated by HRG)

author
source experiment Mills12 LASL** HRG
sphere 1% 15, 10, 10.9 13.7
sphere 2% 7.7 7.3 7.15 8.36
sphere 3% 19.3 16.5 15.1 18.

Two major points with respect to these data are of im-
portance:
a. The comparison of results obtained by a transport
program (SNG by Millsla) and a diffusion program
(CRAM-16 group), and
b. the comparison of calculated and measured critical

masses.

As pointed out in Ref, 1 the relative difference in de-
termined critical masses and slowing down fluxes between cal-
culations using a transport program and calculations using a
multigroup diffusion program are surprisingly small. It is
shown that this is not only valid for homogeneous gaseous core
reactors but also for reactors with extremely compressed fuel
regions. This result suggests that the angular distribution
of neutrons entering the core does not require a higher order
representation than given by diffusion theory., In Sec, 5.4.1
it will be shown that this is only true if the region between

compressed fuel and reflector is not a complete void.

The relative differences between the results obtained by

* See Table 11.
*¥ Calculated for comparitive purposes.
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Mills and those obtained using the CRAM-program and the LASL-

16 group cross sections lie between approximately 2-9 per cent,
Although this cannot be considered a close agreement (as re-
ported in Ref. 1) it still shows a highdegree of eqirivalence between
the two computational methods, especially when small differences
in the basic data (e.g. percentage of admixtures) are taken

into account. This confirms the assumption that a multigroup
diffusion treatment is adequate for the calculation of gaseous

core reactors.

A still more important result can be obtained by comparing
the critical masses, The table shows that critical masses cal-
culated with the revised resonance cross sections (HRG) are
much closer to the measured ones than those obtained using the
unrevised LASL-group cross sections. An exception is sphere 2,
Here the measured critical mass is as close to the HRG-result

as it is with respect to the LASL-result.

An even higher degree of agreement will be presented in
the following section. One point in this connection needs to
be mentioned. The experimental data for the above spherical
systems were obtained not from the original paper but from
Ref. 12. This usually introduces slight deviations in the
basic data. Fortunately the data presented in the next section
were taken from the original paper*, thus, at least formally,

a higher degree of accuracy can be expected.

5.3.2 For Cylindrical Systems

This set of experimental results obtained by G. A, Jarvis
and C. C. Byers14 is of particular interest because of two
reasons., First, the experiments were performed using a cy-
lindrical geometry,which is the geometry interesting from the
engineering standpoint and secondly the experiments checked

the influence of interior and exterior fuel compression,

* Obtained by private communication from G. A, Jarvis.
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Three experiments were performed:
In experiment 1 the fuel elements were approximately uni-

formly distributed throughout the cavity volume.
In gxperiment 2 the oralloy-loaded graphite fuel elements

were concentrated towards the center of the cavity. The fuel-
occupied zone was between r = 0 and r = 16.65 cm leaving a
void column between fuel and reflector. In the next section
this shall be abreviated as "interior" fuel compression.

In experiment 3 the fuel elements were concentrated to-

wards the wall of the cavity leaving an inner void column be-
tween r = 0 and r = 10 cm. This shall be abbreviated as

"exterior" fuel compression,

In the recalculation of the experiments not the critical
masses but the effective multiplication factors were determined
in order to save computer time (for dimensions and configuration

of the experimental cylinders see Table 12 and Fig. 10).

experiment 1 experiment 2 experiment 3

(homog. (interior (exterior
£illing) compr. ) compr, )
measured critical
masses [kg U-235] 7.62 8.63 7.325
Kogg DY Millsl2* 1.02 0.93
keff by author*¥* 1.026 1.0065 1.0019

* ©. B. Mills used the SNG-program®5 and the IASL-16 group
cross sections. Furthermore, the reactors were calculated as
"equal cavity volume spheres,' i.e.,the cavity radii were scaled
at: cylindrical volume for experiments = spherical volume for
recalculation.

*% Using the CRAM-program with the revised LASL-16 group cross
sections. For the resonance cross section the 0.5 X 10%*- set
for T = 300°k was used (see Table 7). 1In experiments 2 and 3

(void casesg the void region was filled with 5.0 x 10%7
Be—atoms/bm in order to have a non-zero diffusion coefficient
in this region. Its influence on the results is neglegible.
The mesh-width (checkea ror space-differencing errors) for the
calculations are summarized in the following table.
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R-direction

mesh width in
inner void outer void mesh width in
experiment column fuel region column reflector

1,2,3 0(3.333 cm)3 3(2.2167 cm)6 6(1.5018 cm)8 8(7.832 cm)lh

Z-direction

experiment mesh width in cavity mesh width in reflector

1,2,3 0(5.5617 cm)6(3.0 cm)8 8(7.622 cm)1k

One check~-run was performed to determine the critical
mass for experiment 1. The calculated critical mass was 0.6
per cent smaller than the measured one. This run took 2 hr,
6 min. on an IBM 7094 computer.

As the table shows the computed reactivity coefficients
using the CRAM-program for two-dimensional geometry are in
good agreement with the experimental results for experiments
2 and 3, i.e. for interior and exterior fuel compression,
The recalculated experiment 1 shows a 3 per cent-deviation
from the required value unity. A possible explanation for
the latter deviation is the following: 1In experiments 2 and
3 the fuel rods in the fuel region were closely spaced whereas
in experiment 1 the gaps between the fuel rods were much larger
because the rods were distributed over the whole cavity. 1In
the recalculation of the experiments the fuel region was as-
sumed to be homogeneously filled with the fuel material cor-
responding to the required critical mass. Thus a possible
explanation of the deviation of experiment 1 is that in this
experiment the widely spaced fuel rods cannot be as well repre-
sented by a homogeneous filling as the more closely spaced

fuel rods in experiments 2 and 3.
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Still the evidence given by experiments 2 and 3 is good
enough to conclude that the use of the computed resonance
cross sections gives good agreement with experimental results.,
Because of the large computer time involved no attempt was
made to do the same calculations with the "pure" LASL-16 group

cross sections.

The "good agreement" stated above has to be understood
as a value given to the relative theoretical error of the
computations., Even in more sophisticated calculations the
result is considered as reasonably good if the theoretically
calculated effective multiplication factor lies within + 1

per cent of the measured one.

However, I should like to point out that quite a different
accuracy requirement has to be attached to the absolute error
allowable in the computations. One way to achieve an at least
qualitative basis is to compare a conventional (i.e., earthbound)
reactor with a gaseous core reactor used as a rocket propulsion
device for say interplanetary travel. Assuming that the fuel
loading for these two reactors corresponds to a multiplication
factor somewhat less than the required value, then the lifetime
energy output of both reactors is less than the predicted one.
For the conventional reactor this would mean that the power
cycle is shorter than expected. Although this is not desirable
it is not as crucial as for the gaseous core propulsion device,
In the latter fuel and propellant supply, payload, transfer
orbit etc., have been accurately determined for the expected
power period. Thus a shorter power cycle would endanger or
even lead to a failure of the mission, It can be concluded
that gaseous core reactors intended for rocket propulsion de-

vices require extremely accurate criticality calculations,



No comparison with Mills results shall be made because
there a volume analogy was used* and the error introduced by
such a method cannot be determined exactly because it depends

on the specific cases.

A last point concerns the behavior of the critical mass
under interior and exterior fuel compression. As the experiments
show the critical mass is seen to increase if the fuel is com-
pPressed towards the axis of the cylinder and decreases if the
fuel is compressed towards the wall of cavity. As it will be
shown in the following section the latter depends on the geo-
metry, i.e, theratioof the inner fuel radius to total cavity radius,
and is furthermore affected by the presence of scattering ma-

terial (e.g., hydrogen) in the cavity.

5.4 variations of Critical Mass Under "Interior" and "Exterior"

Fuel Compression

Although the results presented in this section essentially
do not fall within the scope of this report they shall be briefly
discussed in order to point out some of the engineering aspects
of gaseous core reactors cone of which is the question of critical
mass behavior when the gaseous fuel is compressed. Furthermore,

the effect of hydrogen within the cavity is considered.

In order to simplify the presentation of the various para-
meters which occur when fuel is compressed two general com-

Pression parameters are defined:

Exterior compression parameter Pext a/rc

Interior compression parameter Pint = b/rc

* A similar method, the "buckling analogy" was applid in Ref, 16
in order to save conputer time. There the bucklings (including
the unknown reflector savings) for sphere and cylinder were
equated,
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a = distance of fuel region from axis
b

r
C

distance of fuel region from cavity surface

cavity radius

Figure 11 shows the basic compression cases and the cor-

responding values for the compression parameters.

All the following results have been obtained for the

following set of data:

1. Spherical geometry

cavity radius = 80 cm; reflector thickness = 100 cm
2. Reflector = graphite with n_ = 8.38 x 1022 at/cm®
3. HRG-resonance cross sections
. Over-all reactor temperature: 300%k

5.4.1 Fuel Compression Without Hydrogen

In this section the region between fuel and reflector
(in case of interior compression) and between fuel and axis
(in case of exterior compression) is treated as a void. 1In
order to have a non-zero diffusion coefficient, a finite but
extemely low hydrogen density was introduced in the void region.
Its effect on the computed critical masses is neglegible.*
In case of interior compression the void region was treated
as one radial mesh. This last assumption needs some clari-
fication**. If the void region is treated as one mesh it is
assumed that all neutrons leaving the reflector will penetrate
the fuel region. However, if the fuel is compressed toward
the axis the probability for the neutrons of "finding" the
fuel region decreases. Thus, by neglecting this pure geo-

metrical effect the critical mass will be underestimated.

* A check run showed that an increase of the hydrogen den-
sity by one order of magnitude resulted in a critical mass
change in the fourth significant figure.

*%* A more detailed discussion is left to a later report.
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The opposite is true if the void region is divided into a large
number of mesh regions. Butler and Chang18 showed that thermal
neutrons leaving the reflector and entering the void region
have angular distributions strongly peaked toward the axis.
Because the diffusion approach applied in the present calcu-
lations does not take into account angular effects, the treat-
ment of the void (divided into a large number of mesh regions)
by diffusion theory, which assumes isotropic scattering in the
laboratory system, results in an overestimate of the critical

mass.

In this connection the method applied for the computation
of critical masses under interior fuel compression in the fol-
lowing Sec. 5.4.2 shall be mentioned. In Sec. 5.4.2 the void
region is filled with hydrogen having approximately twice the
atomic density than the fuel in the fuel region. Computations
show that in this case the treatments of the void region as
one mesh or as a large number of mesh regions result in the
same critical mass. This is due to the fact that hydrogen now
acts as an added reflector. Thus, by definition, the geometri-
cal probability for neutrons (leaving this added reflector

region) of entering the adjacent fuel region is unity.

For the case of exterior fuel compression the computations
showed no difference in critical mass if the interior void
region was treated as one or more mesh regions for both low

and high hydrogen densities in this region,

The following table lists the critical data obtained for

the compression cases without hydrogen:
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TABLE C

Type of ' n n nH n

compres- Compression H U — cr
case sion parameter [at/cm®] [at/cm® ] Ny [kg]
Cl* Homog. 0 1.1293x 10%® 0 9.45
c2 Poyp=1/4 1.0x10%7 1.2403 x10%® 0,008 10.22
C3  Exterior p_ . =1/2 1.0x10%7 1.308 x 10%® 0.008 9.57
cl Peyt=3/% 1.0x10%'7 1.455 x 10%® 0.007 7.0k
c5 Interior p, ,=1/4 2.0X 1017 3.1465x% 101° 0,006 11.11
c6 Interior p, ,=1/2 2.0x10%7 3.278 x10%° 0.006 34.29
c6!'**Interior p, . =1/2 2,0x10%7 2,765 x 10'® 0,007 28.9

*  For comparison.
** Equal case C6 except for the use of the unrevised LASL-16
group cross section set.

The critical masses of the above table are plotted versus
Poyt and Pi ¢ in Fig. 12. If the
fuel is compressed towards the interior, the critical mass is
up to p; .= 1/2. As shown in
the next Sec. 5.4.2 it will then decrease for pint7>5/8. For
exterior compression the critical mass first rises above the

the compression parameters

seen to increase continuously

value for a homogeneous filling and then decreases for Paxt >l/ﬂ.

Pext = 1/2.
lindrical experiments cited in the preceding section showed

It has approximately the same value for The cy-

for experiment 3, having a peXt of approximately 1/2, a de-
crease of critical mass from the homogeneous case (experiment 1),
Because the data presented here were calculated for a spherical
system this indicates that the geometry has an effect on the

compression behavior,
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An explanation for the curve in Fig. 12 can be given by
observing the behavior of the thermal flux in the fuel region,
Figure 13 shows a plot of the thermal flux versus cavity radius
for the three cases Cl, C3, and C5.

That the explanation has to be found in the behavior of
the thermal flux and not in fluxes corresponding to higher energy
groups is evident from Table 10A. Here the fluxes (in arbi-
trary units) are listed as a function of radius for the 4 lowest
energy groups. The case with highest thermal flux depression,
i.e. the interior compression case ChH, is taken as an example,.
It can be observed that most of the spatial self shielding occurs
in the "thermal" groups and is decreasing with higher neutron
energy. 1In the first epithermal group (group 13: 1-3ev) the
flux depression is small compared to the three lower (in energy)

groups.

Thus an increase or decrease of the critical mass has to
be determined by the thermal utilization indicated by a lower

or higher thermal flux respectively.

Going back to the flux plots in Fig. 13 one observes the

following points:

1. The average thermal flux in the fuel region for in-
terior fuel compression (case C5) is smaller than
the average thermal flux for the homogeneous case.

2. The same is true for exterior compression (case C3)
although the relative difference is considerably

smaller,

Physically the above trends of the thermal flux can be
explained by the following:

1. The strong depression of the thermal flux for interior
compression is simply due to the spatial self-shielding
as the result of the decreasing fuel radius and thus

the increasing fuel density.
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2. The behavior for exterior compression is less well
explainable because a negative and a positive effect
are superimposed upon each other. If fuel is re-
moved from the central region the fast flux decreases
and the thermal flux increases in this region (see
Ref. 17). Also the adjacent fuel region has a higher
thermal flux as compared to the thermal flux before
the central fuel was removed. Because the fuel in
the exterior compression case is not removed but com-
pressed toward the wall of the cavity an additional

spatial self-shielding occurs.

This spatial self-shielding depends on the geometry con-
sidered. If a cylindrical and a spherical cavity, having equal

volume and the same exterior compression parameter p are

ext’
compared the compression in the cylinder is stronger and there-
fore the spatial self-shielding is higher than in the sphere.

However, in a cylindrical cavity the fuel and the hydrogen region

extend from top to bottom and the thermal flux near the top and

bottom reflector is increased (see Ref. 2). This diminishes

the stronger spatial self-shielding. As to what extent the
stronger spatial self-shielding is overcome depends on geo-
metrical factors like length-to-diameter ratio, exterior com-
pression parameter, etc., This is the geometrical effect mentioned
above resulting in a different compression behavior for the

cvylindrical experiments and the spherical calculations.

Thus the thermal flux in the compressed fuel region in-
creases due to the "removal" and decreases due to the spatial
self-shielding. No definite conclusion seems possible. How-
ever, the calculations indicate that in spherical cavities the
"removal" effect is greater than the spatial self-shielding

effect only for slightly greater than 1/2.

pext




5.4.2 Fuel Compression With Hydrogen.

As mentioned several times in this report the presence of
hydrogen within the cavity has a strong influence on the cri-
tical mass. In this section some of the effects shall be con-
sidered. 1In order to reduce the parameters involved certain
restriction are made which reduce the parameters to those
occuring in the actually considered gaseous core reactor de-

vices,

1. The cases with interior fuel compression are repre-

sentative for the so-called '"coaxial flow devices" in which

fuel and the surrounding hydrogen form two coaxial streams,
injected at the top of the cylindrical cavity and exhausted
through a nozzle at the bottom. Hydrogen is heated mainly by
thermal radiation. A first estimate is that the fuel temper-
ature is approximately twice the hydrogen temperature, Thus,
in equilibrium the ratio of the atomic densities in the two

regions is given by:

. . , . n
atomic density in outer region _ H F
atomic density in inner region n T

T_, = fuel temperature

H
1

hydrogen temperature.

The following table lists the interior compression cases

for nH/nU ~ 2.

n n m

H U n % cr
Pint [at/cm® ] [at/cm®] H/nU [kg]

homog . ** 2.302 x 10%® 1.124 x 10%® 2.05 9.4

1/4 5.977 X 101° 2.992 x 10*® 2.0 10.56
1/2 3.920 x 10*® 1.804 x 102° 2.17 18.87
5/8 3.082 x 1022 1.409 x 1022 2.19 621.6
3/4 4 436 x 1022 2,181 x 1022 2.03 285.1
9/10 9.465 x 1022 5.715 x 10%% 1.65 47.9

*¥ fThe error introduced by the deviation from nH/nU= 2 is
approximately + 2 per cent,
*%* For comparison.

-68-



Figure 14 givesa plot of the required critical masses
Ping: With in-

creasing pint the critical mass is seen to increase until

versus the interior compression parameter

it reaches a maximum at Ping = 5/8. With further increasing

P.
int
is only of theoretical interest because the required critical

the critical mass decreases. The point for Ping = 9/10

uranium density is higher than for solid Uranium 235,

This behavior can be explained by consulting Fig's. 154,
15B, and 15C in which fast and thermal fluxes (in arbitrary
units but in all three figures to the same scale) are plotted
versus the cavity radius for Py
t

ively, Fi

gure 15A cshows a fas X
son with the thermal flux. The spatial self-shielding in the
fuel region is not as strong as in the case without hydrogen
(see case C5 in Fig. 13). This is due to the added slowing

down region between fuel and reflector.

Figures 15B and 15C show a rather high fast flux in the
fuel region and an extemely strong spatial self-shielding in
the fuel region. Obviously the assumption made previously to neg-
lect the surface term in the claculation of the resonance integrals
breaks down completely for these extreme compressions, Fortu-
nately they are only of theoretical interest because of the

extremely high pressures required to confine the fuel.

A possible explanation for the steep increase of m

cr
between P.oe 1/2 and Pint = 5/8 and the steep decrease

between p, . = 5/8 and Pint — 9/10 is that for the former

the hydrogen density is not high enough to overcome the spatial

[

self-shielding whereas for the latter the hydrogen density is
so high that it acts as the sole reflector (no neutron reaches
the graphite reflector) thus increasing the thermal flux at the

edge of the fuel region extremely., In addition a comparison
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of the fast fluxes shows that more fast fissions will occur

int
2. The cases with exterior fuel compression resemble

approximately the so-called "vortex flow devices" in which

both fuel and hydrogen are introduced at the cylindrical

cavity walls and are rotated by mechanical or electrical means,
Due to the centrifugal forces fuel is compressed toward the
cavity walls and hydrogen which diffuses through the fuel region
forms the inner column, Heat is transfered mainly by molecular
interaction, A first estimate is that both fuel-and-hydrogen

temperatures are equal, Thus, the requirement for equilibrium is:

n = (n, + n.)

Hint H U’ext

Ny = hydrogen density in inner region
int

ny = hydrogen density in outer region (accounting
ext for the hydrogen diffusing through the fuel

region)

ny = fuel density in outer region.

ext

The following parameter, which is also an important para-
meter occuring in the fluid dynamics calculations of this

device, has been chosen:

n ,

—ﬁ> = average hydrogen-to-uranium density ratio

n../ext . :
U in the outer region.

The following critical masses were calculated:

n Pext
<n§> oxt 1/4 1/2 3/4

0.01 9.45 9.48 9.29
10. 8.88 8.41 7.90
70, 6.2 6.0 5.42
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In Figure 16 the critical masses are plotted against the
exterior compression parameter Pext* They are extrapolated
at the right to the homogeneous cases with corresponding
nH/nU—ratios. The critical mass is seen to decrease with in-
creasing nH/nU ext for constant Poxt* Figure 17 gives a
plot of the normalized thermal flux versus the radius for

nH/nU oxt = 0.01 and 70. The thermal flux in the fuel region
increases with higher hydrogen content thus increasing the

thermal utilization and decreasing the critical mass.

It is also evident from Fig. 16 that the presence of hy-
drogen modifies the compression behavior considerably. For

nH/nU ext = 10 the critical mass still increases from the

homogeneous case up to p = 1/4 and then decreases, whereas

ext
for nH/nU ext = 70 the critical mass decreases continuously.
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6. CONCLUSION

The new set of resonance cross sections determined for an
almost completely thermal U-235 gaseous core reactor system
compares successfuly with measured results both with respect
to the effective resonance integrals and also when applied to
recalculate measured critical masses. The Doppler temperature
coefficients resulting from these new resonance data are shown
to be of significant importance in the low temperature range
between 300 and 2320°K and have to be taken into account for
more accurate critical mass calculations., The homogenization
assumption applied in the compution of the resonance data is
verified both with respect to its effect on the spatial and
energy dependence of the slowing down flux. It breaks down
only for cases with extreme interior compression which are,
however, not of practical interest because of the extreme cavity

pressures redquired.

Some of the phenomena interesting in connection with the
considered actual gaseous core reactors are evaluated. Of
particular interest is the influence of hydrogen on the critical
masses. Further research is intended along this line including

thermalization problems and optimization calculations.




TABLE 1

DOPPLER WIDTHS AT VARIOUS TEMPERATURES AND
RESONANCE ENERGIES [ev]

E.
1
Temp, lev 20ev lkev
300°K 0.0208 0.0928 0.656
2320°K 0.0583 0.261 1.842
5800°K 0.0923 0.412 2.92
10000°K 0.121 0.54 3.82
40000°k 0.242 1.08 7.65
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TABLE 2

SOME RESONANCE DATA

Uranium 235:

resolved resonances: 1.14% ev — 19.30 ev
(all calculated with IM-approxi-
mation, except 10.6 ev resonance)

average spacing 0.7 ev

unresolved resonances: 20 ev — 3 Kev

mean level spacing = 0.6561 ev

ré = 1.32 X 107% ev
Fv =2.577 X 10 2 ev
re =5.15 x 10 2 ev

statistical weight = 0.5

Uranium 238:

resolved resonances: 6.68 + 997 ev

unresolved resonances: 1 Kev — 2.5 Kev

mean level spacing = 20.6 ev
ro =2.03 x 107" ev
r, =2.57 X 1072 ev
statistical weight = 1.0
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U-235 EFFECTIVE RESONANCE INTEGRALS FOR RESOLVED REGION

TABLE 4A

Temp.

300

2320

5800

10.000

40.00

Res.

Integr,

I
n,vy
abs

I
n,vy

Iabs

I
n,wy
abs

I
n,?vw

abs

I
n,vy
Ie

Iabs

Resolved

110.75

29.33
4h 54

73.87

41,44
56.95

98.39
48.53
65.14
113.67

resonances:
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108

55.
75.
130.

64
85.
149,

66.
88.
154,

1.14

13
72
85

.20

ev = 19.30 ev

104

68.

90.
158

69

91.
161,

69.
92.
161.

69.
92
162

69.
92
162

16
68

.84

.26

85
11

63
28
o1

78

.48
.26

81

.65
146

108

70.

93.
162.

70.
93.
164,

70.
93.
164,

55
42

97
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TABLE

ABSORPTION AND FISSION CROSS SECTIONS IN

THE U-235 UNRESOLVED REGION

Emin (ev)

19.
22,
29.
37.
47.
61.
78.
101.
130.
167.
215.
275.
354,
4l
583.
T48.
961.
1.23 x 10°
1.59 x 10°
2.04 x 10®

O & O W O O W

Emax (ev)

22.6
29.0
37.3
47.9
61.4
78.9
101.
130.
167.
215.
275.
354,
b5k,
583.
T48.
961.
1.23 x 10°
1.59 x 10°
2.04 x 10°
2,61 x 10°

~8l—

o]

a

95.
81.
60.
56.
67.
by,
by,
29.
29.
28.
31.
22.
20.
23.
14.
11.
12.
10.

9.

9.

R N C RN NIV NG B G BRGNS B G) RS B )

Of

60.
46,
40.
36.
hr.
24,
2k,
21,
21,
20.
23.
14,
12.
15.
11.5
8.
9.4
6.8
6.2
6.2




TABLE OA

CORRECTED EFFECTIVE RESONANCE INTEGRALS
FOR U-235 (UNRESOLVED REGION)

O*
S
T[°K] Res. Integr. 110.75 10* 10°
I, - 29.14* 50.87* 58.58 (51.92%)
300 £ 58.23%  101.67* 106.89 (103.76%)
Tabs 87.37*  152.74*  165.49 (155.68%)
I N 58.58 58.58
10.000 Ie 106.91 106.91
Iy 165.49 165.49
In’y 58.58 58.58

40,000 I, 106.91 106.91
165.49 165.49

Iabs

* Resonance integrals calculated by unrevised HRG-program,
(in case of T = 300°K; o¥ = 108, 1listed for comparison)

P AT St



TABLE 6B

CORRECTED EFFECTIVE RESONANCE INTEGRALS FOR
U-235 (RESOLVED AND UNRESOLVED REGION)

I} ¥*
S
T[°K] Res. Integr. 110.75 104 108
Ly 58.47*  119.03*  129.13 (122.47%)
300 I, 102.77% 192.35*% 200.33 (197.18%)
Ips 161.24%  311.38*% 329,46 (319.65*)
I, v 128.36 129,15
10.000 I, 199.39 200.36
I bs 327.75  329.51
Ty 128.39 129,16
40.000 I, 199.56 200.37
I, s 327.95  329.53

Resonance integrals calculated by unrevised HRG-program,
(in case of T = 300°k; o % = 108, 1listed for comparison)
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TABILE 8B

COMPARISON CF LASL-16 GROUP WITH
HRG-RESONANCE CROSS SECTIONS

o (o

LASL n,vy £

Group # LASL HRG** LASL HRG**
8 3.2% 2.33 7.9% 4. 67
9 8.5% 5.59 18.7* 11.18
10 20. 16.18 38. 32.33
11 32.7 45,59 51.7 60.92
12 339.2 23.19 42 .8 33.11
13 8.8 9.86 30. 21.48

¥ For infinite dilution.
** o = 104; T = 300°K; B = 0.0225.

-91-




TABLE

INFLUENCE OF BUCKLING AND DILUTION ON THE HRG-RESONANCE CROSS SECTIONS

LASL " %n,y Of
group # 9 buckling LASL HRG LASL HRG
110.75 0.02245 1.62 3.25
0.01 2.34 4.68
8 10% 0.02245 3.2% 2.33 7.9% 4 67
0.045 2.32 4. 64
1/E-spectr. 2.35 4,70
110.75 0.02245 5.92
0.01 5.60 11.19
9 104 0.02245 8.5* 5.59 18.7* 11,18
0.045 5.58 11.15
1/E-spectr. 5.64 11.27
110.75 0.02245 18.8 7.79 35.85 15.57
0.01 16.17 32.32
10 104 0.02245 20. 16.18 38. 32.33
0.045 16.20 32.37
1/E-spectr. 16.26 32,50
110.75 0.02245 12.65 10.87 22.41 17.14
0.01 45,60 60.92
11 10* 0.02245 32.7 45,59 51.7 60.92
0.045 45, 52 60.94
1/E-spectr. 46.23 61.51
110.75 0.02245 22.77 10.21 23.43 15.38
0.01 23.17 33.09
12 10* 0.02245 39.2 23.19 h2.8 33,11
0.045 23.22 33.17
1/E-spectr. 23.15 33.04
110.75 0.02245 7.23 h.77 25.06 8.34
0.01 9.87 21.51
13 10* 0.02245 8.8 9.86 30. 21.48
0.045 9.82 21.37
1/E-spectr. 9.95 21.78

* For infinite dilution
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Radius
[em]

O o ahWm F W H O

NN NN NN N EFEOOOO OO I U NN e e 2 R
O OOV & W kP OOV OOWU FWEOWOOAANWMNWHEHEOWWOWM & WM O

.6250
.8750
.1250
.3750
.6250
.8750
.1250
.3750
.6250
.8750
.1250
.3750
.6250
.8750
.1250
.3750
.6250
.8750
.1250
.3750
.6250
.8750
.1250
.3750
.6250
.8750
.1250
.3750
.6250
.8759
.1250
.3750
6250
.8750
.1250
-3750
.6450
.8750
.1250
.3750

TABLE 10

RADIAL DEPENDENCE OF RESONANCE FLUXES

(case A6: ny = 1.129 x 10*® at/em®; n,

82538.
82538.
82538.
82538.
82538.
82538.
82538.
82538,
82538.
82538.
82538.
82538.
82538.
82538.
82538,
82538.
82538,
82539.
82539,
82539.
82539.
82540.
82540,
82541,
82541,
80541,
82541,
82541,
82541,
82541,
82541,
82541,
82541,
82542,
82542,
Bosiz,
82542,
82542,
82542,
o542,

73209.
73209.
73209.
73209.
73209.
73209.
73209.
73209.
73209.
73209.
73209.
73209.
73209.
73209.
73210,
73210.
73210.
73210,
73210.
73210.
73210,
73216.
73216.
73216.
73217.
73217.
73217.
73218,
73218.
73218,
73219,
73219.
73219,
73220.
73220.
73221,
73221,
73221,
73222,
73222,

= 0.)

LASL - group number

_93_

10

46141,
46141,
46141,
L6141,
L6141,
461h2,
46142,
L6142,
L6142,
L6142,
46143,
46143,
46143,
46143,
ho1hy,
4614y,
46145,
4o14s,
46146,
Lhe146,
ho147.
46168,
46169,
46170.
yer72.
46173,
46174,
46176,
4e177.
46178.
46180.
46181.
46183.
46184,
L6186.
46187.
46189,
46190.
46192,
46194,

11

35960.
35960.
35961.
35961.
35961.
35962,
35962,
35963.
35963.
35564,
35965.
35966.
35967.
35968.
35969.
35971.
35972.
35974,
35975.
35977.
35979.
36051.
36055.
36060,
36064,
36068,
36072 .
36077.
36082,
36086,
36091,
36096.
36101,
36106.
36111,
36116,
36121,
36127,
36132.
36138.

12
37644,
37644,
37644,
37644,
37645,
37645,
37645.
37645,
37645,
37646,
37646,
37646,
37646.
37647,
37647,
37648,
37648,
37649,
37649,
37650.
37650.
37673.
37675.
37676.
37677

37679.
37680.
37682,
37683.
37685.
37686.
37688.
37689.
37691.
37692.
37694,
37696.
37697.
37699.
37701,




Radius
[cm]

O O3 OWm &= W N B O

W w N DD DN NN N N e B e b e e 2
%L&kﬁkg\gkﬁ&%b—'owm\lmwJ?WF\JHO\O(D—\]O\UI-L‘UUI\JHO

. 5000
. 5000
. 5000
. 5000
. 5000
. 5000
.5000
. 5000
. 5000
. 5000
. 5000
. 5000
. 5000
. 5000
. 5000
. 5000
. 5000
. 5000
. 5000
. 5000
. 5000
. 5000
. 5000
.5000
. 5000
. 5000
. 5000
.5000
.5000
.5000
. 5000
.5000
. 5000
.5000
.5000
.5000
.5000
. 5000
. 5000
. 5000

RADIAL

1-3 ev
G = 13

22102,
22105.
22111,
22120.
22132,
22148,
22166.
22188.
22212,
22240,
22271.
22305.
22342,
22382.
22426,
zouT2,
22522,
22575.
22631.
22691.
22753.
22819,
22888,
22960,
23036.
23115.
23197.
23282.
23371,
23464,
23560.
23659.
23761.
23868.
23977.
24090.
24207.
24328,
2hyse,
24579,

TABLE 10A

DEPENDENCE OF THERMAL FLUXES
(case C5; interior compression; p, . = 1/2.)

14

LASL - groups
0.4-1 ev

9996.
10004,
10019.
10042,
10073.
10112,
10159.
10213.
10276.
10346,
10425,
10512,
10608,
10712,
10825,
10947.
11077.
11217.
11367.
11526,
11695.
11873.
12063.
12263,
12473,
12695.
12929,
13174,
13432,
13702,
13985.
14281,
14592,
14916,
15255,
15609.
15979.
16366,
16769.
17189.

0.1-0.4 ev

15

1161,
1167.
1180.
1200.
1227.
1261,
1302,
1351.
1409,
1476,
1553.
1640.
1738,
1849,
1974,
2114,
2270.
2444
2639,
2855.
3097.
3365.
3664,
3996.
4366.
4778.
5236.
5T45.
6313,
6944,
TOL4T.
8431,
9303.
10276,
11361,
12570.
13919.
154258,
17105.
18981,

therm,

16

O O~N N O

11,
13.
16.
21.
26.
33.
43,
56.
73.
97.
128.
170.
227,
304,
409.
550.
The,
1004,
1361.
1847,
2512,
3422,
L4668,
6375.
8718.
11936.
16359.
22443,
30820,
42362,
58275.
80230.
110538.
152405,
210272,




TABLE 11

DATA FOR SPHERICAL EXPERIMENTAL REACTORS

Sphere 1

Zone Be-island fuel Be-refl. C-refl.
Radii [cm] 15.2 22.3 51.6 70.3

Mesh width
in zone for
computations* 5.07 2.367 9.8 9.35

Atomic dens.
[at/cm®] 1,434 % 10%3%%  **xx 1 135X 102%*% 7 35X 1022%*

* Not checked for space differencing errors.

** Togather with 3.0 X 102' Al-atoms/cm® accounting for
the presence of structural materials,
**%%* The fuel was 10 unit Oy-foils (93.4 per cent U-235) sepa-
rated by canned sodium. Sodium content in fuel region was
approximately 2,51 X 10%2 at/cm®,

Sphere 2

Zone Be-island fuel Be-refl, C-refl,
Radii [cmi 11.43 e2.8 52.6 68.6

Mesh width
in zone for
computations* 2,29 0.568 2.29 2.

Atomic dens.
[at/cm®] 1.434 x 1023%x  xxx 1 135x 10%%** 7 74 x 10%2**

* Checked for space differencing errors,
*%* Together with 3.0 X 102! Al-atoms/cm® accounting for
presence of structure materials.
**% Together with mixture of 1.68 x 102! c-at/cm®, 1.0 x 102?%
Zr-at/cm®, and 2.39 x 1022 Na-at/cm® to simulate a fused
fluoride,
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TABLE 12

DATA FOR CYLINDRICAL EXPERIMENTAL REACTORS

Dimensions* (see Fig. 10): hi ¢ = 85.1 cm
hc = 39.37 cm
r, = 19.685 cm
tl = 46,99 cm
t2 = 45,73 cm**

* The high number of signigicant figures is a result of the
conversion from inches to cm,

*% TIn the actual experiment the bottom reflector was 3" shorter
than the top reflector. In the recalculation both top and
bottom reflectors are assumed to have a thickness of 18", This
is partly compensated by the Al-base-plate used in the experiments,.

Material data: Be-atomic denisty = 1.195 X 102°® atoms/cm®;
Oy with 93.15 per cent U-235 and 6.85 per cent
U-238; fuel elements with 22.02 per cent Oy

and 77.98 per cent graphite.
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